Gelsolin is an actin-binding protein and acts as an important regulator of cell survival. This study aimed to determine the function of gelsolin in the radioresistance of non-small cell lung cancer cells. We examined the expression of gelsolin in radioresistant A549 and H460 cells and their parental cells. The effects of gelsolin overexpression and knockdown on the clonogenic survival and apoptosis of non-small cell lung cancer cells after irradiation were studied. The involvement of phosphoinositide 3-kinase/Akt signaling in the action of gelsolin was checked. We found that gelsolin was significantly upregulated in radioresistant A549 and H460 cells. Overexpression of gelsolin significantly (P < .05) increased the number of colonies from irradiated A549 and H460 cells compared to transfection of empty vector. In contrast, knockdown of gelsolin significantly (P < .05) suppressed colony formation after irradiation. Gelsolin-overexpressing cells displayed reduced apoptosis in response to irradiation, which was coupled with decreased levels of cleaved caspase-3 and poly adenosine diphosphate-ribose polymerase. Ectopic expression of gelsolin significantly (P < .05) enhanced the phosphorylation of Akt compared to nontransfected cells. Pretreatment with the phosphoinositide 3-kinase inhibitor LY294002 (20 mmol/L) significantly decreased clonogenic survival and enhanced apoptosis in gelsolin-overexpressing A549 and H460 cells after irradiation. Taken together, gelsolin upregulation promotes radioresistance in non-small cell lung cancer cells, at least partially, through activation of phosphoinositide 3-kinase/Akt signaling.
Introduction
Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and remains the leading cause of cancer-related death globally. 1 Radiotherapy is an effective therapeutic modality for the management of patients with NSCLC, especially at early stages. 2, 3 Radioresistance is the key factor limiting the therapeutic outcome of radiotherapy. 4 Several molecular mechanisms have been suggested to be linked to the development of radioresistance in NSCLC cells, such as alteration of DNA repair proteins, deregulation of survival proteins, 5 and activation of epidermal growth factor receptor (EGFR). 6 Ligation of EGFR leads to activation of multiple prosurvival signaling pathways including the phosphoinositide 3-kinase (PI3K)/Akt pathway. 7 Inhibition of the PI3K/Akt pathway has been reported to overcome radioresistance in NSCLC cells. 8 Despite these advances, the exact mechanisms governing the radiation responses of NSCLC cells are still elusive.
Gelsolin is an actin-binding protein involved in the remodeling of cellular actin cytoskeleton, affecting cell morphology and motility. 9 Accumulating evidence indicates a link between gelsolin and tumor progression. For instance, Deng et al 10 reported that gelsolin is upregulated in human hepatocellular carcinoma (HCC) tissues, and overexpression of gelsolin promotes the proliferation and invasion of HCC cells. An adverse correlation between gelsolin expression and patient survival was noted in NSCLC, [11] [12] [13] implying an important role for gelsolin in tumor progression. Gelsolin has been found to regulate the survival of cancer cells.
14, 15 Klampfer et al 14 reported that knockdown of gelsolin sensitizes colon cancer cells to the short-chain fatty acid butyrate through activation of caspase-9 and caspase-7 and induction of apoptosis. Wang et al 16 found that gelsolin subserves a prosurvival role in human head and neck cancer (HNC) cells, and its silencing results in an increased apoptotic response to cisplatin. Using a quantitative proteomic approach, Kim et al 17 identified gelsolin as an upregulated protein in g-radiation-exposed MDA-MB-231 breast cancer cells, suggesting its involvement in the regulation of radiosensitivity. However, the role of gelsolin in the radioresistance of NSCLC has not been determined yet.
In this study, we sought to explore the function of gelsolin in the radiosensitivity of NSCLC cells and to evaluate the impact of gelsolin on irradiation-induced apoptosis. In addition, the involvement of PI3K/Akt signaling in the action of gelsolin was checked.
Materials and Methods

Cell Culture
Human NSCLC cell lines (A549 and H460) were purchased from American Type Culture Collection (Rockville, Maryland). The former is derived from lung carcinoma and the latter from large-cell lung cancer. They were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, California) supplemented with penicillin (100 U/mL), streptomycin (100 mg/mL), and 10% fetal bovine serum in a 5% CO 2 humidified incubator.
Establishment of Irradiation-Resistant Cell Lines
Irradiation-resistant cell lines were established as described previously. 18 In brief, A549 and H460 cells were grown to a confluency of *80% and irradiated using the Faxitron Cabinet X-ray system (Faxitron, Wheeling, Illinois) at a dose of 2 Gy per fraction. Cells were trypsinized and subcultured immediately after each radiation. Reirradiation with 2 Gy of X-rays was given 40 times within a 5-month period. The cells did not receive next irradiation until they reached *80% confluence.
Parental cells were treated in the same way except that they were not exposed to X-ray irradiation.
Chemical and Irradiation Treatment
A549/R and H460/R cells and their parental cells were plated in triplicate into 6-well plates (800 cells/well) and incubated overnight. Cells were irradiated at single doses (2-8 Gy) with a dose rate of *1.8 Gy/min. For inhibitor experiments, cells were preincubated with a PI3K inhibitor LY294002 (20 mmol/L; Sigma-Aldrich, St Louis, Missouri) for 30 minutes before transfection with a gelsolin-expressing plasmid as described below.
Clonogenic Survival Assay
After irradiation, cells were plated in triplicate into 6-well plates (2000 cells/well) and incubated at 37 C for 10 days. Colonies were fixed and stained with 0.1% crystal violet and examined by microscopy. The number of colonies consisting of more than 50 cells was counted. Results are expressed as percentage of the control (nonirradiated cells).
Plasmids, Short Hairpin RNA, and Transfection
Human full-length gelsolin complementary DNA (cDNA) was purchased from OriGene Technologies Inc (Rockville, Maryland) and subcloned into pcDNA3.1(þ) expression vector (Invitrogen). The cDNA insertions were confirmed by DNA sequencing. Gelsolin-targeting short hairpin RNA (shRNA) and negative control shRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, California).
Cell transfection was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. In brief, cells were plated onto 12-well plates and grown to *80% confluence. They were transfected with the pcDNA3.1-gelsolin plasmid (1 mg), gelsolin shRNA (50 nmol/L), or corresponding control constructs. At 24 hours after transfection, cells were transferred to selection medium containing G418 (800 mg; Sigma-Aldrich). The stable clones were picked up and expanded. The gelsolin levels in these clones were examined by Western blot analysis.
Quantitative Real-Time Polymerase Chain Reaction Analysis
Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of the messenger RNA (mRNA) level of gelsolin was performed as described previously. 19 In brief, total RNA was extracted from cells with TRIzol reagent (Invitrogen) and subjected to reverse transcription using the SuperScript First-Strand Synthesis System (Invitrogen). Polymerase chain reaction conditions were as follows: 95 C for 5 minutes, followed by 38 cycles of 95 C for 15 seconds and 60 C for 40 seconds. The gelsolin primer sequences were used as follows: 5 0 -CACTGAGCCCGAGGCGATGC-3 0 (forward) and 5 0 -TCAGCCACGAGGGAGACGGAC-3 0 (reverse). As an internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified with the following primers: forward, 5 0 -ATTCCACCCATGGCAAATTC-3 0 ; reverse, 5 0 -GCATCGCCCCACTTGATT-3 0 . The relative gelsolin mRNA level was determined with the 2 ÀDDCt method 20 after normalization against the level of GAPDH.
Western Blot Analysis
Cell lysates were prepared using ice-cold radioimmunoprecipitation assay buffer (Cell Signaling Technology, Danvers, Massachusetts) supplemented with a mixture of protease inhibitors (Roche Diagnostics, Mannheim, Germany). Protein concentrations were measured using a protein assay kit (Bio-Rad Laboratories, Hercules, California). Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The membranes were probed with primary antibodies at 4 C overnight, followed by incubation with horseradish peroxidaseconjugated secondary antibodies (Santa Cruz Biotechnology) for 1 hour at room temperature. Immune complexes were visualized using an enhanced chemiluminescence kit (Amersham Biosciences, Buckinghamshire, United Kingdom). Protein bands were quantified by densitometry using the Quantity One software (Bio-Rad Laboratories). The primary antibodies used for Western blotting are shown below: rabbit antigelsolin polyclonal antibody (ab76418; Abcam, Cambridge, Massachusetts), rabbit anticleaved caspase-3 polyclonal antibody (#9661), rabbit anticleaved poly adenosine diphosphateribose polymerase (PARP) monoclonal antibody (#5625), mouse antiphospho-Akt (Ser473) monoclonal antibody (#12694), mouse anti-Akt monoclonal antibody (#2966; Cell Signaling Technology), and mouse anti-b-actin monoclonal antibody (sc-47778; Santa Cruz Biotechnology).
Apoptosis Detected by Flow Cytometry
Cells were collected at 48 hours after irradiation, and apoptosis was measured using a commercially available annexin V detection kit, according to the manufacturer's instructions (PharMingen, San Jose, California). In brief, cells were harvested by trypsin treatment and suspended in a binding buffer. Fluorescein isothiocyanate-conjugated annexin V and propidium iodide were added to the cell suspension and incubated for 15 minutes at room temperature in a dark chamber. Stained cells were quantified using a flow cytometer (FACSCalibur; Becton Dickinson Biosciences, San Jose, California).
Statistical Analysis
Data are expressed as mean + standard deviation. All statistical differences were analyzed using 1-way analysis of variance combined with Tukey post hoc test. A P value of <.05 was considered statistically significant.
Results
Gelsolin Is Upregulated in Radioresistant NSCLC Cells
To confirm the radioresistant phenotype of A549/R and H460/ R cells, we examined cell survival after single doses of irradiation ranging from 0 to 8 Gy using clonogenic assays. As shown in Figure 1A , the number of colonies from A549/R cells at 4 to 8 Gy was significantly (P <.05) higher than that from parental A549 cells. Similar findings were seen with H460/R and parental cells ( Figure 1A) . Therefore, A549/R and H460/R cells were more radioresistant than their parental cells.
To examine the potential correlation of gelsolin with cancer radiosensitivity, we investigated its expression in radioresistant and parental NSCLC cells. The qRT-PCR analysis revealed a significant (P <.05) increase in gelsolin expression in A549/R 
Gelsolin Promotes Radioresistance of NSCLC Cells
Next, we checked whether regulation of gelsolin expression affects the radiosensitivity of NSCLC cells. To this end, we overexpressed or knocked down gelsolin in A549 and H460 parental and resistant cells (Figure 2A and B) . Clonogenic survival assay demonstrated that enforced expression of gelsolin significantly (P <.05) increased the number of colonies from irradiated A549 and H460 cells compared to transfection of empty vector ( Figure 2C ). In contrast, transfection with gelsolin-targeting shRNA significantly (P <.05) suppressed colony formation in A549/R and H460/R cells after irradiation ( Figure 2D ).
Gelsolin Confers Resistance to Irradiation-Induced Apoptosis
Next, we examined the effect of gelsolin on irradiation exposure-induced apoptosis. Flow cytometric analysis showed that 8 Gy of X-ray irradiation caused a significant increase in the percentage of annexin V-positive apoptotic cells compared to nonirradiated control cells ( Figure 3A) . However, the proapoptotic effect of irradiation exposure was significantly (P <.05) compromised in gelsolin-overexpressing A549 and H460 cells. In line with these results, gelsolin overexpression significantly (P <.05) prevented the increase in cleaved caspase-3 and PARP in response to irradiation ( Figure  3B and C).
Activation of PI3K/Akt Signaling Is Involved in Gelsolin-Mediated Radioresistance
Finally, we tested whether gelsolin-mediated radioresistance is associated with the activation of PI3K/Akt signaling. Western blot analysis revealed that compared to nontransfected cells, ectopic expression of gelsolin enhanced the phosphorylation of Akt, without affecting the total level of Akt ( Figure 4A ). In contrast, delivery of gelsolin shRNA markedly reduced the phosphorylation of Akt in A549/R and H460/R cells ( Figure  4A ). Most interestingly, pretreatment with the PI3K inhibitor LY294002 (20 mmol/L) significantly decreased the survival fraction ( Figure 4B ) and promoted apoptosis ( Figure 4C ) in gelsolin-overexpressing A549 and H460 cells after irradiation exposure. LY294002-induced inhibition of Akt activation was confirmed in gelsolin-overexpressing A549 and H460 cells by Western blot analysis ( Figure 4D ).
Discussion
Radiation therapy is one of the most important modalities for NSCLC management. However, the emergence of radioresistant tumor cells is a major obstacle to successful treatment. Identification of the key determinants of radioresistance is of significance for improving the efficacy of radiotherapy in NSCLC. Although gelsolin shows the ability to modulate the chemosensitivity of several types of cancer cells, the role of gelsolin in tumor radioresistance has been poorly understood. Our data showed that gelsolin was upregulated in radioresistant A549 and H460 cells compared to their parental cells. Radiation-induced gelsolin expression has also been reported in human breast cancer MDA-MB-231 cells 17 and in human intestinal epithelial cells. 21 The upregulation of gelsolin may contribute to cell survival after radiation. In support of this hypothesis, Li et al 21 demonstrated that administration of exogenous gelsolin into mice confers protection against tissue damage induced by high-dose radiation. Gelsolin has been shown to act as a protective protein in several other pathologies such as stroke 22 and acute hyperoxic lung injury. 23 However, in some specific cases, gelsolin plays a negative role in cell survival. For instance, Li et al 24 reported that gelsolin deficiency reduces apoptotic death in cardiomyocytes of mice after myocardial infarction. To provide direct evidence for the role of gelsolin in radioresistance of NSCLC cells, we overexpressed or knocked down gelsolin and examined the clonogenic response of NSCLC cells to radiation. Notably, we found that gelsolin-overexpressing A549 and H460 cells showed significantly greater fractions of surviving clones after radiation compared to empty vector-transfected cells. In contrast, silencing of gelsolin significantly restored the sensitivity of A549/R and H460/R cells to radiation. These findings suggest the importance of gelsolin in the radioresistance of NSCLC cells.
Inactivation of apoptosis pathways is a key mechanism leading to radioresistance in cancer cells. Previous studies have shown that intact gelsolin has the ability to prevent chemotherapeutic drug-induced apoptosis in HNC cells 16 and gynecologic cancers. 25 In contrast, gelsolin downregulation was found to augment drug-induced apoptosis in chemoresistant cancer cells. 16, 25 In agreement with these studies, we found that radiation-induced apoptosis was significantly attenuated in gelsolin-overexpressing A549 and H460 cells, underscoring the antiapoptotic activity of gelsolin. Caspase-3 is a welldefined apoptosis effector and plays an important role in the apoptotic response of NSCLC cells after radiation treatment. 26 Therefore, we further determine whether gelsolin affected the activation of caspase-3. Indeed, we found that gelsolin overexpression interfered with the activation of caspase-3 in irradiated A549 and H460 cells, as evidenced by reduced levels of cleaved caspase-3 and its substrate PARP. Taken together, overexpression of gelsolin protects NSCLC cells from radiation-induced apoptosis, likely via inhibition of caspase-3-dependent apoptotic signaling.
Compelling evidence indicates that the PI3K/Akt signaling pathway is an important regulator of the response of cancer cells to radiotherapy. 8, 27 Inhibition of this pathway has been shown to enhance radiosensitivity in different types of cancer cells including NSCLC cells. 8, 28 To further clarify the mechanism for gelsolin-mediated radioresistance, we examined the effect of gelsolin overexpression on activation of Akt signaling in NSCLC cells. We found that enforced expression of gelsolin significantly increased the phosphorylation of Akt at Ser473, suggesting the activation of Akt signaling. Pharmacological inhibition of Akt by LY294002 restored the sensitivity of gelsolin-overexpressing cells to radiation, as evidenced by less clonogenic survival and enhanced apoptotic response. These results collectively suggest that gelsolin-mediated radioresistance in NSCLC cells is largely ascribed to activation of PI3K/ Akt signaling.
However, some limitations of this study should be noted. First, there is no in vivo evidence for the role of gelsolin in radioresistance of NSCLC. Second, a mediator for gelsolininduced activation of Akt signaling remains to be identified. It has been reported that Rac activity is required for gelsolininduced epithelial cell invasion 29 and gelsolin-mediated collagen phagocytosis in fibroblasts. 30 In some settings, for example, cigarette smoke-exposed pulmonary epithelial cells, 31 Rac1 inhibition, or knockdown disrupted the activation of Akt. These studies suggest a possibility that Rac signaling may mediate the link between gelsolin and Akt activation. Finally, no information is available on the relationship between gelsolin levels and radiation response in patients with NSCLC.
Conclusion
In conclusion, this is the first report showing the key role of gelsolin in the radioresistance of NSCLC cells. Gelsolin acts as a protective protein against radiation-induced apoptosis in NSCLC cells, which is mediated through inactivation of PI3K/Akt signaling. Further studies are warranted to investigate the role of gelsolin in the regulation of radiosensitivity of NSCLC in animal models.
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